Fifteen pulse oximeters were compared. Their physical characteristics, price, warranty, information handling and displays were catalogued. Times for changes in data display and susceptibility to interference were assessed. A model for comparison of oximeters under conditions of poor perfusion was developed using a tourniquet to progressively diminish limb perfusion pressure (systolic minus tourniquet pressure). The oximeters evidenced a wide variety of features and performance in poor perfusion states. Instruments lacking a beep varying in pitch with saturation or a waveform/pulse bar display of plethysmograph signal were considered less satisfactory. The majority of instruments, with some notable exceptions, performed remarkably well in a state of diminished perfusion. The study demonstrates that purchasers of pulse oximeters need to exercise care in assessing the suitability of particular instruments to their specific requirements.
loan from the manufacturers' Australian representatives. Each instrument was checked by a company representative prior to being submitted to testing, and was tested with the supplied non-disposable finger probe. Information on the physical characteristics and battery life were obtained by measurement or from the manufacturer's specification sheets. Assessment of cable size, alarm sound, ease of setting of alarms, delay times and interference susceptibility were determined by the authors in a laboratory setting.
The visibility of the display at a distance of four metres was assessed by an individual with normal eyesight in a well-lit room. Ease of setting alarms was assessed by two of the authors after familiarising themselves with each instrument using the provided literature. The above assessments were arbitrarily categorised into three groups: good, satisfactory, poor.
Time from attachment of the probe onto the finger to the stable first reading, time for blanking of the screen (or 'probe off warning) and the time to an alarm sounding after removal from the finger probe were measured in duplicate using a stopwatch.
The effect of diathermy was assessed by placing each of the instruments on a patient's left hand placed beside the body during the performance of sternotomy preparatory to coronary revascularisation, a procedure associated with prolonged use of the diathermy. The effect of ambient light on the probe was assessed by placing the hand two inches below a lit fluorescent tube after the instrument was functioning correctly. Information on price, warranty conditions and software revisions were obtained from the distributors during the last week of January 1988. All prices are for a single unit, including one non-disposable finger probe, without government contract or possible discounts. RESULTS The physical characteristics, price and warranty terms of the units are listed in Table  1 . The information display characteristics, alarm limits, times for changes in data display and interference susceptibility are listed in Table 2 .
Anaesthesia and Intensive Care, Vo/. 17 ,.. There are significant variations in this characteristic. 4. Ability for the instrument and the operator to rapidly assess the validity of the reading. This relies in the first instance on the error detecting algorithms, and in the second on a signal strength bar or waveform display and provision of an audible pulse beep, all of which help the user to identify spurious signals. 5. Variation in pitch of the pulse beep in response to changes in saturation. This important innovation introduces a second dimension in the audible signal provided to the anaesthetist. Added to the continuous auditory information of cardiac rate and rhythm is now the oxygen saturation augmenting intermittent information provided by looking at the display. In practice this is a very sensitive alarm instrument, drawing attention to changes as slight as 2-3% unless they occur slowly and insidiously. 6. Flexibility and ease of setting of alarm limits. 7, Storage of information, trending and data transfer to other instruments allowing evaluation of changes over time, and future integration into alarm systems.
In choosing among pulse oximeters it is vital to recognise that a balance must be struck between conflicting factors. Cheap small units lack the features of the larger more expensive ones, but increasing complexity of alarm limit controls and display features etc. may tend to reduce ease of use. PART 
11:
A TEST OF PERFORMANCE OF FIFTEEN
OXIMETERS UNDER CONDITIONS OF POOR PERFUSION
An important limitation of pulse oximetry is performance in states of poor peripheral perfusion. Although there is some information about performance in situations of poor circulation,4 comparative data are lacking.
Various authors have noted that the readings become unobtainable when peripheral perfusion is reduced. I , 5, 6 Others have suggested that the oximeter can be used to assess the state of peripheral circulation. 7·9 However, the ability to obtain readings and the accuracy of those readings has not been compared in the relatively common conditions of poor finger per fusion such as cold, shock states or arterial compromise.
A reproducible model of diminished peripheral perfusion has been developed using an inflatable tourniquet. A variable perfusion pressure (PP) has been created by subtracting tourniquet cuff pressure from systolic blood pressure. This model is described and was used to compare the currently available oximeters.
METHODS
As before, the fifteen pulse oximeters obtained from the manufacturers' representatives were tested, after having been checked by them. The model numbers and software revision numbers or software versions are listed in Table 1 and are the same instruments as those discussed in Part I. All instruments were used with the nondisposable finger probes provided and in the case of the Nelcor 200 ECG interfacing was also used in all subjects. Ten healthy adult volunteers were studied after obtaining their informed written consent, and approval from the Hospital Ethics Review Committee. For the study, each subject sat quietly with his or her arm laid flat on a bench, horizontal, at shoulder height and kept immobile during the study. The ambient temperature was 28°C and no clinically detectable abnormality of perfusion of the subject's fingers was present.
Reduction of hand perfusion was achieved using a standard sized blood pressure cuff connected to a pneumatic tourniquet controller (Zimmer) and mercury column. The oximeter probes were placed on each finger of the subject's left hand, in groups of five instruments at one time. Three separate measurement runs were done on each subject to include all fifteen units. A reference oximeter (Ohmeda 3700) was placed on the index finger of the contralateral (right) arm. A minimum of ten minutes' rest was provided between measurement runs. The relationship of units to fingers was changed from subject to subject so that each unit was placed on each digit once during tourniquet inflation and similarly during deflation studies.
Five of the subjects were subjected to studies during gradual tourniquet inflation.
Anaesthesia and Intensive Care. Vol. 17, No. I. February, 1989 After measuring systolic blood pressure by auscultation the tourniquet was deflated to a pressure 35 mmHg below that subject's systolic blood pressure. After allowing 30 seconds for stabilisation, a set of readings from each instrument and from the reference instrument was obtained over a period of 1 5 seconds. The cuff was then inflated by a further 5 mmHg and the process repeated up to a tourniquet pressure 5 mmHg above the initial systolic blood pressure. Thus measurements were taken at approximate perfusion pressures of 35,30,25,20, 15, 10,5, o and -5 mmHg. This resulted in nine sets of readings for each instrument from each subject.
In the second group of five subjects the tourniquet was used to determine'systolic blood pressure and then six sets of readings were taken starting 5 mmHg above the determined systolic blood pressure and deflating the tourniquet 5 mmHg between readings. As performance did not vary once perfusion pressure exceeded 20 mmHg in the tests using increasing cuff pressure, measurements during cuff deflation were made only to that level (i.e. -5 to 20 mmHg). In four of these subjects a further two sets of readings were taken with the tourniquet deflated, one set before and the second after each measurement run.
Measurements were recorded 5 mmHg above systolic blood pressure because a number of the instruments continued to provide readings 30 seconds after the tourniquet had been inflated above the initial systolic pressure. As 30 seconds represented more than two averaging times for all of the instruments these readings were analysed separately from the other data. The data presented therefore contains two measurements for each instrument from each digit. A total of 83 measurements were obtained for each instrument.
Any time a stable saturation reading was displayed by the instrument at the end of the 30-second equilibration period was considered to be a reading.
Results were analysed by subtracting the readings of the reference instrument from the test instruments. 10 This was used to obtain a difference for both oxygen saturation and pulse rate estimation for each reading on each instrument, compared with the simultaneous reference value from the other hand. Measurements were divided into three groups. First, a well perfused group of tests, with the tourniquet deflated and with perfusion pressure in the 25-35 mmHg range during ascending pressure (N = 23 for each instrument). Second, the tests during poor perfusion, 0 to 20 mmHg (N = 50 for each instrument) and third, a 'no perfusion' group where the tourniquet was inflated 5 mmHg higher than systolic blood pressure (N = 10 for each instrument). These differences were then analysed using an analysis of variance for repeated measures using pressure differences as the within-instrument factor and the instrument comparison as the between instrument factor to test for the presence of a non-random distribution. Instrument bias and precision was measured by calculating the mean and standard deviation of the differences from reference for both well perfused and poorly perfused tests. 10 The difference measurements were also analysed nominally, by considering a measurement of between plus or minus two for percent saturation and plus or minus four beats per minute for pulse rate to be accurate and measurements outside this range to be inaccurate.
RESULTS
The full data set for each of the instruments is provided graphically as scattergrams in Figures 1 and 2 . Table 3 provides the mean difference and standard deviation for each instrument in the good perfusion and poor perfusion tests. Analysis of variance indicated significant (P < 0.001) non-random distribution of saturation differences between the instruments.
The number of times each instrument made a measurement and the number of times it was accurate (saturation within ±2% and pulse rate within ±4 beats/minute) in the good and poor perfusion groups is shown in Figures 3  and 4 . The rank order in both figures is derived from the number of 'accurate' . readings during the poor perfusion tests.
During 'good perfusion' the mean difference of all the machines except the Datascope were within a range of ±2% of the reference measurement. The bias was more pronounced when the instruments were tested during poor perfusion. Eleven instruments had their mean differences within 2% of zero difference (N ov ametrix, Pulsa t, Bird, Ohmeda, Radiometer, Nelcor 200, data on the performance of pulse oximeters during conditions of poor limb perfusion. It must be remembered, however, that inflation of the tourniquet to the previously determined systolic blood pressure does not necessarily result in true 'no flow' conditions, nor was this the objective of the study protocol. Furthermore, not only did the tourniquet produce conditions of poor perfusion and pulse amplitude, but compounded this by producing venous engorgement which is known to influence the performance of pulse oximeters.ll
The reference instrument in this study was a pulse oximeter operating under near ideal conditions. Although it was not validated to any 'gold standard' such as a co-oximeter, the good agreement of all the units (bar one) under good conditions (mean deviation 0.4%) tends to validate its use as a reference. Different design philosophies of the manufacturers are exemplified by several examples. The Physiocontrol provided accurate readings in moderately reduced perfusion and then failed to provide any readings when perfusion was reduced further. The Biochem provided readings through all levels of perfusion but showed an alarmingly high error rate as perfusion diminished.
Datascope readings were well clustered but evidenced a bias with a mean saturation approximately 2% higher than the other instruments. The use of ECG gating by the Nelcor 200 did not result in a significant improvement in performance in our model of low perfusion. It may however provide some advantage in situations where motion artefact is a problem. This remains to be demonstrated.
The Kontron instrument provided comparatively widely scattered readings without bias. This seems unlikely to have resulted from a shorter averaging time since the underlying volunteer saturations would not have fluctuated to this extent.
An important conclusion from this data is that in addition to the signal processing algorithms incorporated into the instruments extra information should be provided particularly in poor perfusion states to aid in artefact rejection. This has been implemented by some companies as a flickering 'pulse bar' and by others as a pulse waveform. The waveform display has the additional advantage of enabling the easier assessment of periodicity (rhythm) and beat-to-beat amplitude in cardiac arrhythmias and during motion artefact.
In conclusion, clinical assessment of the fifteen oximeters showed a wide variety in price, size, complexity and type of information display. The laboratory study of performance during poor peripheral perfusion indicated significant differences in both bias and precision of instruments.
While the choice of a particular instrument rests on the balance of price against the particular features required by the user, it is important to recognise that providing numbers is only a first step to providing reliable information capable of safely guiding clinical decision making.
